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CHAPTER I. 
INTRODUCTION 
Perfusion systems provide a means of investigating the blood flow 
to organs in living animals. A coronary perfusion unit is one such type 
of system. By i so 1 at i ng perfusion of the heart from the systemic 
circulation, control is gained over coronary pressure and flow, and the 
response of the heart to certain conditions can be investigated 
experimentally. As an example of a condttion that would be of interest, 
an occlusion valve coul~ be placed in the perfusion system, allowing the 
investigator to model the effects of the narrowing of arteries that occurs 
with heart disease, while accurately controlling the pressure and flow to 
the arteries. 
A contra 1 system must be used in order to accommodate the exact 
control of the pressure and flow to the heart in the coronary perfusion 
system. A closed loop servo system is one means of accomplishing this 
control [9]. In a servo system a reference value is input, indicating the 
E 
INPUT 
POTENTIOMETER 
INERTIA DISK 
OUTPUT 
POTENTIOMETER 
Figure 1- General Components of Closed Loop Servo System. 
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desired result. A transducer is used to simultaneously obtain a value 
representing the actual position of the system. These two signals then 
are subtracted to produce an error signal which drives an actuator and 
forces the actua 1 position of the system to the input reference 1 eve 1 
(Figure 1). In a coronary perfusion system the pressure control loop 
appears as shown in Figure 2, with the controlled variable being the 
Reference 
Pressure 
Control 
mp 'rr---.,,ystem 1--.-~ 
Pressure 
ressure 
~----------~ ~----------~ 
Xducer 
Figure 2-Block Diagram of pressure control system. 
coronary pressure. 
The actuation or production of the desired pressure could be 
accomplished by any one of a number of methods. Mohrman [12] proposed an 
actuator that used a roller pump and varied the pump speed to increase or 
decrease the coronary pressure. A perfusion system utilizing this 
actuation method was used by Metting [10] on dogs to study the response 
of the hindlimb vascular bed to changes in perfusion pressure, and Grant 
[6] used it in a system to characterize the influence of cardiac output 
on pulmonary hemodynamics. Another actuation method was first used in dog 
renal perfusion studies [.7], and 1 ater adapted to coronary perfusion 
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systems. This method uses a cuff occluder to control the flow and 
consequent perfusion pressure to the organ of interest. The shortcoming 
in these methods was their inability to accurately model the pulsatile 
b 1 ood pressure and flow waveforms present in phys i o 1 ogi ca 1 systems. . A 
so 1 uti on to this was presented by Canty and Mates [ 4], who proposed a 
method in which an electrohydraulic servo valve was placed between the 
perfused heart and a press uri zed blood reservoir, thereby making the 
coronary pressure a function of the relative position of the valve. 
Figure 3 shows the specifics of the Canty and Mates system that correspond 
to the general block diagram shown in Figure 2. This system was used for 
studies aimed at characteriiing the relationship of _coronary pressure and 
flow [2,3]. The inherent advantage of this system is its ability to 
effectively model the coronary circulation for purposes of impedance 
/capacitance ytudies [1]. 
~EF+ ~~ K ServovalvE !Perfusion COR ~h. ~ - r 
- AMP Dynamics System 
Coronary 
Pressure 
Catheter 
Figure 3- - Block diagram of Canty and Mates perfusion 
system. 
The system developed by Canty and Mates had one very di st i net 
disadvantage; it incorporated a control system which was analog-based, and 
as such was prone to drift and oscillations caused by instability. The 
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control of pressure and flow in coronary circulation requires an extremely 
fast and accurate system due to the wide variations in load impedance over 
a single cardiac cycle. A much more efficient and accurate method would 
be to implement microprocessor-based digital control for the system. 
Digital control would allow for a faster and more stable system. 
Using Canty and Mates work as a basis, it was the focus of this study 
to develop a microprocessor based coronary perfusion system that would 
improve the system performance in terms of speed and stabi 1 i ty. The 
... improvement of phys i o 1 ogi ca 1 contra 1 systems by di gi ta 1 microprocessor 
control has been demonstrated by Muhlethaler [13] who used microprocessor 
based control for a brain perfusion system in rats, and Smith,et al. [15] 
who used microprocessor control to improve the performance of an intra-
aortic balloon pump. 
Employing microprocessor control of the perfusion system would also 
allow for the addition of proportional, derivative, and integral 
cont ro 11 er e 1 ements to enhance the time domain characteristics of the 
system [8]. A preliminary block diagram showing a perfusion system 
incorporating digital proportional, integral, and derivative control is 
shown in Figure 4. In this scenario the reference va 1 ue and feedback 
value are digitized by an analog to digital convertor. The error signal 
is then computed using the proportional, derivative, and integral 
algorithms contained in the microprocessor. The resulting error signal 
is converted back to analog form by a digital to analog convertor, and the 
valve moves correspondingly. 
One concern in the design of control systems is stability. Canty 
and Mates noted that " .. ·.high frequency oscillations about the mean 
• ~ Coronar 
~l-4§-------1 Pressure 
Catheter 
Figure 4- Digital coronary pressure control system 
incorporating proportional, integral and 
derivative elements. 
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pres sure ... " were observed at higher amp 1 i fi er gains [ 4]. The authors are 
in effect describing a situation of instability, but they make no mention 
of efforts to characterize this instability. _ This research attempts to 
characterize the stability of the digital control system developed. For 
this reason, a mathematical model is developed for the various parts of 
the perfusion system and analyzed on the computer. All analog and digital 
circuits are also modelled and the results of this analysis are compared 
to actual results obtained from the finished prototype circuit. 
Another consideration in the design of the coronary perfusion system 
is the frequency response of the overall system. 
To accurately reproduce the pressure control signal, 
the perfusion system must have a natural frequency 
higher than any significant harmonic component in the 
desired pressure waveform. Fourier analysis of arterial 
pressure waveforms has shown that approximately 
10 harmonics are necessary to reproduce a pul sat i 1 e 
ascending aortic waveform adequately [5]. 
The frequency content of the arterial pressure waveforms therefore 
6 
require that the perfusion system have a frequency response flat to 30 Hz. 
The various elements of the system are tested in terms of their frequency 
response to ensure the system has the required specifications. Testing 
the frequency response of the various components a 1 so a 11 ows 
i dent i fi cation of the components in the system which have the most 
limiting effect on the bandwidth. 
The design process for the system implementation could be broken 
down into 6 main components. 
" A. Signal Conditioner- A circuit was required for excitation of the 
transducers used, as well as proper conditioning of the outputs 
of the transducers. This was required for the pressure transducers, 
as well as the EKG signal. 
B. Data Acquisition System- A system separate from the control system was 
required for acquisition and analysis of data pertaining to the 
perfusion studies to be performed. 
C. Level Control of Blood Reservoirs- A reliable system needed to be 
developed to control the level of blood in both the pressurized and 
auxiliary blood reservoirs used by the .system. 
D. Control Loop- This is the servo loop used to control the pressure. 
This portion of system consists of analog to digital conversion of 
the reference and feedback pressures, the actual P,I,D control 
algorithm, and digital to analog conversion of the command signal. 
E. Servo Valve Driver- This component interfaces the output of D/A 
convertor to servo valve actuator. The driver consists of an 
isolation stage and a voltage to current convertor. 
F. Transit Time Measurement System- A viable method needed to be developed 
to measure the absolute transit time of blood in the system. This 
is necessary for studies utilizing microsphere injections in order 
to synchronize the arrival of the microspheres with a particular 
event in the cardiac cycle. 
The physical relationship of all the system parts is shown in Figure 
5 on the following page. 
Blood 
From 
Animal 
(Supp-ly 
Blood) 
Input 
Pressure 
Digital 
Control 
System 
(Reference) 
Level 
Control 
Interface 
Time 
Measurement 
Coronary System 
c____ __ ___J 
Pressure 
(Feedback) Coronary 
Pressure 
1------1 Control 
Interface 
Figure 5- Overall perfusion system diagram. 
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CHAPTER II. 
SYSTEM DESIGN 
Section A: Signal Conditioning System: 
The Millar pressure transducers (Section 11.0) required a signal 
conditioning system to provide both an excitation voltage for the 
transducers and amplification of the output signals. A signal 
conditioning system was developed based o~ the Analog Devic~s 1831 strain 
gauge conditioner integrated circuit [17]. This modular device provides 
all conditioning required by the transducer; excitation, amplification, 
voltage offsetting, and filtering. The 1831 is implemented on a card 
which fits into a rack mounted card cage. A schematic diagram of a single 
channel pressure transducer signal conditioner with its external 
components for contra ll i ng gain and offset is shown in Figure 6. The 
system was designed to have the following specifications: 
Bridge Excitation Voltage: 5 volts 
Amplifier Gain Range: 
Low Pass Filter Cut Off: 
2-320 
50 Hz 
There are 16 channels in the signal conditioning system, 13 of which 
are dedicated to these pressure signal conditioning modules, 2 of which 
are dedicated to thermocouple amplifiers (transit time measurement Section 
II.F), and one channel dedicated to EKG measurement. The EKG amplifier 
channel schematic is shown in Figure 7. This EKG amplifier system 
consists of an Analog Devices AD625 instrumentation amplifier followed by 
an isolatibn stage with adjtistable gain and offset. The outputs of the 
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Figure 6- Pressure s~gnal conditioning system circuit. 
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signal conditioning modules were then input to the data acquisition system 
(Section II.B) for recording. 
+VIS O 
IOK 
RS 
..._ P2 
OFF SET 
IOK 
-ISV 
R6 
+ISV 
>-----r-<::::>OUTPUT 
R7 
21( 
Figure 7- EKG amplifier circuit schematic. 
Section B: Data Acquisition Svstem-
I ti order to accommodate the acquisition and ana 1 ys is of data 
pertaining to the perfusion studies, a data acquisition system was 
employed. This system uses an IBM PS/2 Model 70, which utilizes an 80386 
microprocessor running at 20 MHz. A CODAS™ commercial data acquisition 
system was implemented on the computer. 
The hardware portion of this system consists of a 12 bit 16 channel 
A/D convertor card with a high performance input module. The A/D card is 
capable of sampling one channel at 50 KHz in continuous mode. The high 
performance module has a maxi mum input range of ±30 volts, and has 
software programmable gains of 1, 2, 5, 10,50, 100, 500, and 1000 for each 
channel independently. The input module has an input impedance of lOOM 
ohms, and nonlinearity of 0.04%. 
The software portion· of the system consists of a real time display 
11 
of the data being acquired in record mode. Gain and offset are controlled 
independently for each channel from the keyboard. The system software 
also has a playback mode that allows viewing and analysis of the 
previously acquired data. 
Section C: Blood Reservoir Level Control System-
A diagram showing the blood reservoirs and their relationship to the 
rest of the perfusion system is shown in Figure 8. The level of blood in 
.... 
the pressurized and recirculating reservoirs is controlled by the speed 
of the two peristaltic roller pumps PI and P2. In order to effectively 
' cant ro 1 the 1 eve 1 of b 1 ood in the reservoirs, a system needed to be 
developed to monitor the blood levels in both reservoirs and run the pumps 
at an appropriate speed to keep the blood levels at a level chosen by the 
user. 
I I 
PRESS URilED RESERVE ..... J ~ RETURN 
RESERVOIR RESERVOIR 
( CONTROL 
I 
I ..,._ .... INTAKE ) ~~ .. IL I ,. 
,... 
SERVO 
VALVE 
~ ~ 
w I ..... ,. .. ~~~-. 
From 
- -Animal 
Figure 8- Blood flow path for servo system. 
.. 
c 
To 
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To accomp 1 ish the b 1 ood 1 eve 1 contra 1 , a detection system was 
implemented which uses an impedance method to determine the level of blood 
in the reservoirs. The system developed is based upon the fact that the 
impedance between two electrodes placed in the reservoir will vary 
according to the level of blood in the reservoir. An oscillator signal 
with a frequency of 1 kHz is app 1 i ed through a 1 oad resistor to the 
sensing electrode, the other electrode being connected to ground. The 
voltage measured at the reference electrode varies in response to changes 
.... 
in b 1 ood 1 eve 1 due to the fact that the impedance between the two 
electrodes varies inversely with the surface area immersed. The resulting 
waveform is conditioned to detect the absolute value of the AC signal. 
This absolute value is then input to the microprocessor circuit in the 
form of a DC voltage via an A/0 conversion port. The schematic diagram 
of the level detector circuit is shown in Figure 9. The calibration data 
for the level detector circuit is shown in Figure 10. 
Electrodes 
4.7K 
R3 
Figure 9- Schematic of blood reservoir level detection 
circuit. 
Output (V) 
Calibration Data 
Level Detector Circuit 
3.5~--------------------------------------~ 
2.5 ------------------- -- -- -- ----- ------------------ -- ---------- ------ ---------------------------------- ---------- ------- --------- ---------- -- --
2 ---------------------·-········ ···········-----·-·· ·····-----------·······-----· --------·-·----·-·---·-············ --------·····----------·--
1.5 ------------- -- ------------------------------------------- ----------- --------------- ----- ----------- --- ------ ---------------- ---------------
1 ··············---------- ---------·---- -- -----------------------------·-·-----··----- -- ---------·--- ------ --- ---- --- --------------- --- -- -----· 
0 1.5 2 2.5 3 3.5 
Height (em) 
4 5 
Figure 10- Output voltage as a function of level in 
reservoir. 
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The level detector output is read by a microprocessor based circuit 
which also reads in a value for the desired level (input by user) and 
determines an appropriate output signa 1 to run the peri sta 1 tic ro 11 er 
pumps. The microprocessor circuit is implemented using a 68HC11 single 
chip microcomputer from Motorola [18]. The control software for the level 
control is implemented in the form of BASIC11™ commands stored in the 
EEPROM memory of the 68HC11 controller [18]. The program prompts the user 
to input levels for the reservoirs through a VT-100 terminal. 
The control software subtracts the desired level from the actual 
level, and the 68HC11 circuit outputs an error value to an 8 bit digital 
~/0 port. A digital to analog convertor and high voltage power amplifier 
are then used to condition the signal to an appropriate voltage to run the 
i 
pumps. A diagram of the blood reservoir level control system is shown in 
Figure 11. Shown in Figure 12 is the power amplifier circuit used to 
drive the pumps. 
From Level 
Detector 
J-1 processor 
r---------i circuit 
To P1 
To P2 
Figure 11- Diagram of blood reservoir level control 
system 
20 1:: 
Figure 12- Schematic diagram of power amplifiers. 
Section D: P,I,D Control Loop-
14 
The coronary pressure control routine is implemented on an IBM AT 
compatible personal computer using a Real Time Devices™ ADA2000 board for 
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interfacing analog and digital signals. The computer uses an 80386 
microprocessor running at 25 MHz. The ADA2000 employs an Analog Devices™ 
AD574 A/D integrated circuit, which is a 12 bit successive approximation 
analog-to-digital convertor with a 35 microsecond conversion time .and 
maximum non-linearity of 1/2 bit [16]. For output of analog signals, the 
board is equipped with an Analog Devices AD7537 D/A integrated circuit. 
This digital to analog convertor has 8 bit resolution and maximum non-
linearity of ±1 ~it with a settling time of 1.8 microseconds [16]. 
Mi 11 ar™ high fide 1 i ty pressure transducers were used to obtain 
values for the coronary and aortic pressures. These transducers employ 
a miniature strain gauge mounted on the tip of a catheter. The strain 
gauge is used as a sense arm in a full bridge configuration transducer. 
The sensitivity of the bridge is given by: 
~out= 5 (uV/mmHg) * Vexcitation 
The excitation and signal conditioning for these transducers is 
provided by signal conditioning unit (Section II.A). The outputs are then 
converted to 12 bit digital form via the ADA2000, and the software routine 
uses these two values to produce an error signal to drive the servo valve. 
Real Time Graphics and Display package by Quinn-Curtis™ was the 
commercially available software used for the coronary pressure control. 
This software package consists of different subroutines which are called 
from a main program to perform the control functions and display pressure 
values. The main program that calls the subroutines and controls input 
·from and output to the ADA2000 is attached to a interrupt that is 
'generated every .3 milliseconds. The flow diagram for the main program 
is shown in Figure 13. 
The software incorporates a 
proportional, integral, and 
derivative control scheme to 
determine the error signa 1 . The 
proportional element is the value 
that is obtai ned from the direct 
subtraction of the reference and 
command signals, while the 
derivative element takes the 
Call P,I,D 
Subroutines .,..1111--•/ 
Read in 
P,I,D 
Constants 
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derivative of the error signal 
(which acts to anticipate changes), 
Figure 13- Flow diagram for 
main control algorithm. 
and the integral element integrates the signal to remove DC error and 
offset [4]. The transfer function describing a digital proportional, 
derivative and integral controller is shown below. 
G ( z) = KP + Kd T I 2) ( ( z +I) I ( z -1 ) ) + Kd ( ( z -1) IT*z) 
Where: K's are gain constants 
z is discrete time frequency plane operator 
T is period of the signal 
For purposes of the mathematical model to be developed later it can 
be assumed that the speed of conversion of the ADA2000, coupled with the 
relatively high frequency of interrupt generation is sufficient to replace 
the discrete time transfer function with the continuous time transfer 
function given by: 
G ( s ) = Kp + K i Is + Kd * s 
Where s is continuous time frequency plane operator. 
The method of interrupt generation allows for "on the fly" 
17 
adjustments of the proportional, integral, and derivative element 
constants (KP, Kp and Kd) as well as real time display of the coronary 
pressure, aortic pressure, and the error between the two. 
Once the final error value has been calculated, the computer outputs 
the value to the digital-to-analog convertor channel of the ADA2000 board. 
A detailed block diagram of the pressure control system is shown in Figure 
14. 
IBM Computer 
Control 
Software 
V/A 
Conv 
Millar 
Xducer 
Figure 14- Specific system block diagram. 
Section E: Servo Valve Driver-
A circuit was necessary to convert the voltage output of the ADA2000 
board to a corresponding current to drive the servo valve. The voltage-
to-current convertor implementation is shown in Figure 15. The circuit 
employs an OP-07 operational amplifier with bipolar junction transistors 
connected to the output. The amplifier drives the complementary 
t transistors Q1 and Q2, which supply the high current output necessary to 
drive the servo valve's coil. The lOOK ohm resistor provides current 
feedback for the valve driver, and the 5.1 ohm resistors provide current 
18 
overdrive limits for the output current. 
V+ 
v-
l OOK 
R8 
Figure 15- Schematic diagram of valve driver. 
On the front end of this voltage-to-current convertor is a unity 
gain isolation amplifier. This preconditioning stage serves to both 
reject common mode noise, and isolate · the animal from potentially 
dangerous ground faults. 
Section F: Transit Time Measurement: 
For perfusion studies utilizing radiolabelled microspheres, it is 
necessary to determine the transit time for the blood, and subsequently 
the microspheres in the blood, from the cannula to some predetermined area 
in the coronary arteries. This is needed because it is often necessary 
to synchronize the arrival of the microspheres with some specific event 
in the cardiac cycle. 
19 
To accomplish this transit time measurement a system was developed 
that uses two type T (copper-constantanum) thermocouples to detect the 
passing of a small amount of cold saline solution that is injected at the 
tip of the cannula. By placing one thermocouple at the injection site, 
and one at the area of interest in the coronary artery, a measurement can 
be made of the absolute transit time between the two points. Since only 
the presence of the co 1 d sa 1 i ne needs to be detected, not the actua 1 
temperature, no linearization is necessary. To make the relatively small 
voltage output of the thermocouples mbre discernable, an ice bath 
reference is used for each thermocouple. A block diagram of the transit 
time system is shown in Figure 16. 
Measure 
Point 2 
( 
ment 
c 
Cu 
,..---L\~ ' 
( ~ 
Ice Bath 
Cu + Low Level 
"' 
Cu Isolated 
Data / - Amp To 
Acquisitio n 
- Low Level System '\. 
Isolated 
Cu+ Amp / 
Measurement 
Point 1 
Figure 16- Diagram of transit time measurement system. 
The low level isolated amplifiers were necessary to both isolate the 
animal and to provide amplification of the small "raw" output of the 
thermocoup 1 es. These 1 ow level amps were realized by using the 2850 
integrated circuit from Analog Devices [17]. This 2850 is designed for 
! 
use exc 1 us i vel y as an isola ted thermocouple amplifier, so the 
imp 1 ementat ion was straight forward. The output of these thermocouple 
20 
conditioners was then input to the data acquisition system (Section 11.8) 
for analysis of the transit time. The output of these thermocouple 
amplifier circuits is shown in Figure 17. This data was obtained by 
placing the measurement thermocouple in water heated 5 degrees above room 
temperature, and recording output in volts. 
Heated Water 
2.0 
.... 
1.0 -
0.0 
-
-1.0 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Figure 17- Response of thermocouple circuit to 5 deg c. 
This concluded the phase of the design of the system. The system 
now needed to be tested to ascertain the performance of the system was 
consistent with the needs specified. This performance analysis of the 
system is included in Chapter III. 
21 
CHAPTER III. 
SYSTEM ANALYSIS 
Section A: Determination of System Transfer Function-
The coronary pressure control system developed in Chapter II can be 
simplified to the block diagram shown in Figure 18 showing each block's 
gain. The simplified block diagram assumes the controller and the signals 
p 
CORt... 2 G= .15s +2s+.3 f--- G= 22.1 
- c s s s 
G= 7.5 s X 
Figure 18- Pressure control block diagram showing 
individual gains. 
r 
are analog in nature, this assumption is valid due to the relatively high 
speed of the contro 11 i ng microprocessor, as we 11 as the high speed of 
conversion of the command, feedback, and error signa 1 s. This b 1 ock 
oiagram will be used in this chapter to develop a mathematical model of 
I 
the theoretical response of the system in terms of frequency domain, time 
22 
domain, and stability. These results will then be compared with 
experimentally determined results. 
The actua 1 benchtop results were obtai ned by testing the system 
under idealized conditions, using tubing and an adjustable clasp to model 
the coronary arteries being perfused. The supply pressure was 350 mmHg, 
and the flow to the tubing being used to simulate the coronary arteries 
was approxiamtely 100 ml/min. 
As discussed in Chapter 2, the transfer function of the controller 
.... 
is given by Gc= KP + K1/s + Kd*s. To determine the transfer function of 
the servo valve actuator, it is necessary to look at actual input/output 
data obtained experimentally from the valve. The inherent nature of the 
electrohydraulic servo valve is such that the transfer curve is sigmoid 
in nature and exhibits hysteresis [14]. By assuming that the valve will 
be working in the relatively linear range of the sigmoid curve, this 
transfer curve can be fit to a line and assumed to respond linearly to 
inputs. Figu~e 19 shows the actual transfer data for the servo valve, as 
well as the best fit line obtained by linear regression. Using this 
linearized transfer characteristic, it is possible to obtain the system's 
overall transfer function by use of the general gain formula. In order 
to accomplish this, it is necessary to specify actual gains for the P,I, 
and D gain parameters. The following experimentally determined gains were 
used; KP=2, K1=0.3, Kd=0.15. These gains were determined by varying the 
gains in the test situation, until the system response was idealized. 
Applying the general gain formula to this block diagram yields the 
following transfer function for the overall system: 
G(s)= (3.3s2 + 42.255 + 6.63) I (s3 + 24.75s2+316.9s + 49.7) 
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Figure 19- Valve transfer characteristics, actual and 
linearized. 
I 
Section B: Frequency Domain Analysis-
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Using ~ the above transfer function it is possible to obtain a 
theoretical representation of the systems frequency domain 
characteristics. The theoretical frequency response for the system is 
shown in Figure 20. This theoretical frequency response was found by 
inputting the transfer function into Matlab™ computer software. The 
actual frequency response determined by testing the system is shown in 
Figure 21. 
The results obtai ned from the frequency response analysis of the 
model yielded a cut off frequency of approximately 40 Hz. This cut off 
frequency value corresponds to the value obtained from the actual system, 
the main difference between the two being that the resonant peak is more 
pronounced on the theoretical model results. 
Theoretical Frequency Response of System 
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" 0 .02 
1 QO 10 1 
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Figure 20- Theoretical frequency response obtained from 
model. 
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Figure 21- Actual frequency response of system. 
Section C: Time Domain Analysis: 
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1 Q2 
Using the mathematical model it is also possible to obtain a 
theoretical system response in the time domain. A typical measure of a 
systems ability to respond to inputs is it's ability to fo 11 ow a step 
input. The response to the model of the system to a step input is shown 
25 
in Figure 22. The corresponding actual system response to a step input 
is shown in Figure 23. 
Theore tical System Response to Step Input 
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Figure 22-Theoretical system response to step input. 
Actual System Response 
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Figure 23- Actual system response to step input. 
4 
The step input response analysis showed that the actual system had 
~ightly higher overshoot and a slightly longer settling time than the 
theoretical system respon~e. 
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Section D: Stability Analysis: 
By examining the denominator of the mode 1 for the system, it is 
possible to obtain the characteristic equation for the system, which can 
be examined to determine the system's stability. A system is defined as 
asymptotically stable if for an input of zero, the output of the system 
goes to zero as time goes to infinity. The Routh-Hurwitz criteria is one 
means of establishing the stability of the system. By forming the Hurwitz 
.... 
matrix, the number of poles in the right hand plane can be determined, by 
the number of sign changes in the first column of the matrix. A necessary 
condition for stability is no poles of the system are located in the right 
ha 1 f p 1 ane. The Hurwitz matrix for the mode 1 of the system is shown 
below. 
s3: 1 
s2: 24.8 
b, 
Where: 
b1= ((24.8*316.9)-(1*49.7)) I 24.8 = 314.9 
b2= 0 
316.9 
49.7 
Since the values in the left hand column are all positive, there 
are no poles in the right hand plane for the system and, for the values 
and assumptions given, the system is stable. 
This cone l uded the system testing portion. A discussion of the 
results obtained in this section can be found in the conclusion (Chapter 
IV). 
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CHAPTER IV. 
CONCLUSION 
The system developed showed results that were within the preliminary 
specifications given for the perfusion system. As discussed in Chapter 
I, the coronary pressure control system needed a frequency response that 
would have a cutoff frequency greater than 30 hertz. The analysis in 
Chapter III showed that the experimentally determined cut off frequency 
of the actual system was approximately 40 ~ertz. Therefore, the frequency 
response criteria was met. 
Another important specification was the stability of the system. 
The control system for the coronary pressure needed to be asymptotically 
stable to assure the reliability of the system. The Routh-Hurwitz 
stability anilysis in Chapter III showed that the system was stable for 
the specified gains. This was verified by experimental data 
to show the system followed inputs without going into oscillation. 
The system showed an actual response to step input that was fairly 
close to the ideal response shown by the model. This response to step 
input can be improved by changing some of the gain parameters. The 
parameter with the greatest effect on the transient response is the 
derivative gain constant, Kd. However, increasing the derivative gain 
constant can have an adverse effect on the stability of the overall 
pressure control system. This is due to the fact that the derivative 
~lement is anticipatory in nature and in real world applications tends to 
amp 1 i fy the derivative of the noise, a 1 ong with the derivative of the 
error signal. 
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Thus the system was able to be designed to meet all the preliminary 
design criteria initially set forth, and a workable control system for the 
coronary perfusion system was successfully developed. 
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